The hepatic glucose transporter, GLUT2, facilitates bidirectional glucose transport across the hepatocyte plasma membrane under insulin regulation. We studied the interactions of IR and GLUT2 proteins to determine whether they are physically coupled in a receptor-transporter complex. By comparing endosome and plasma membrane IR and GLUT2 ratios before and after feeding, it was determined that IR and GLUT2 are internalized in a fixed ratio. When solubilized hepatocytes were immunoprecipitated with antibodies against either IR or GLUT2, both proteins co-precipitated. The association of IR and GLUT2 was further assessed by confocal microscopy. Sections of fed liver were incubated with fluorescein-tagged anti-GLUT2 or Texas Red-tagged anti-IR. Colocalization was observed both at the plasma membrane and in the cytosol. Fluorescenceresonance energy transfer studies further confirmed this association. We conclude that IR and GLUT2 form a receptor-transporter complex in hepatocytes, which forms a mechanism of insulin-mediated hepatic glucose regulation.
Introduction
Hepatic glucose production is essential to maintaining normal circulating glucose levels. During low glucose states, the liver serves as the primary site for glucose production through glycogenolysis and gluconeogenesis. When glucose levels rise, however, as in the post-prandial state, hepatic glucose production is rapidly reduced to low levels in response to elevated circulating insulin [1] [2] [3] [4] [5] [6] .
Glucose transporter 2 (GLUT2), the primary hepatic liver transporter, is a low affinity, high capacity transporter expressed in high levels on the sinusoidal membranes of hepatocytes, the basolateral membrane of intestinal epithelial cells, renal proximal tubule cells, and pancreatic beta-cells [7] [8] [9] [10] . In non-fed, low blood glucose states, GLUT2 is present in large amounts on the hepatocyte plasma membrane, and facilitates the net hepatic efflux 52 of glucose. Insulin perfused livers, however, show a marked decrease in the presence of GLUT2 in the cell membrane fraction which is dose-dependent, and parallels the insulin-mediated reduction in hepatic glucose production [11] . Subsequent studies in our laboratory have shown this disappearance to be mediated by an endocytotic process [12] .
Insulin facilitates glucose clearance from the blood by activating glucose uptake into peripheral tissues as well as through the inhibition of hepatic glucose production [1, 13] . The insulin receptor (IR) exists as a heterotetrameric (α 2 β 2 ) structure with the α-subunits containing the insulin binding site and the β-subunits holding the transmembrane domain and tyrosine kinase activity. [14, 15] . Insulin binding to the extracellular portion of IR leads to autophosphorylation of specific intracellular tyrosine residues. Once phosphorylated, IR is able to phosphorylate and activate intermediate docking proteins such as IRS-1,-2,-3, and -4 which initiates internalization , and elaborate intracellular signaling cascades [16, 17] . Of note, insulin binding stimulates the internalization of IR in a manner that parallels the plasma membrane regulation of GLUT2 [18] .
The precise role that IR plays in the regulation of GLUT2, however, remains unclear. Previous studies have suggested GLUT2 transcriptional regulation as the key signaling event that regulates GLUT2 [19] [20] [21] [22] , while other studies have explored the role of GLUT2 phosphorylation [23] . However, because both IR and GLUT2 are internalized from the hepatocyte plasma membrane upon insulin binding, the possibility exists that the two transmembrane proteins are physically linked and regulate hepatic glucose production as a complex.
The aim of this study was to establish whether a physical link between IR and GLUT2 exists that serves as a mechanism of insulin regulation of hepatic glucose production. We hypothesized that as IR enters the endocytic compartment after insulin binding, GLUT2 is simultaneously removed from the plasma membrane due to a physical link with IR. Our membrane fractionation studies show not only that IR and GLUT2 are transferred from the plasma membrane to the endosomal compartment, but also that endocytosis occurs in a similar ratio between the two proteins. In addition, immunofluorescence and fluorescence resonance energy transfer (FRET) show that the proteins colocalize on the hepatocyte membrane and are separated by 20-60 Å [24, 25] . Immunoprecipitation studies further show that IR and GLUT2 are physically linked. These data establish the existence of a physical coupling of IR and GLUT2 on the hepatocyte membrane, and suggest that this forms a novel mechanism for the regulation of hepatic glucose production.
Materials and Methods

Animal Protocol for Internalization Studies
Sprague-Dawley rats (n = 35) weighing 150-200 mg were anesthetized by intraperitoneal injection of either sodium thiopental (1 mL/kg) or phenobarbital (0.07 mg/g). A ventral midline incision was made to expose the viscera. For the fractionation studies, prior to liver excision, a 2-mm gastrotomy was made in the anterior gastric wall 1 cm proximal to the pylorus, and the proximal duodenum was intubated with a rubber catheter. A duodenal feeding bolus of 0.5 mL/100 g of a liquid meal (1 kcal/mL; 14% protein, 53% carbohydrate, 33% fat; NuBasics, Clintek, Deerfield, IL, USA) was administered. Fortyfive minutes after duodenal feeding or intubation alone (fasting), livers were harvested. All animal protocols were reviewed and approved by the Yale Animal Care and Use Committee.
Liver harvest and tissue preparation for confocal studies
At laparotomy, the distal aspect of the right main lobe of the liver from fed animals was excised, rinsed in Ringers lactate solution, and promptly minced at 4°C. Samples were processed in 72% sucrose solution and re-equilibrated in 1XPBS at the time of sectioning. Tissue was snap frozen in blocks for sectioning on a sliding cryostat and cut into 5 micron sections. Sections were fixed in cold acetone and rehydrated in 120 mM phosphate solution for 40 minutes. Samples were then blocked with 8% bovine serum albumin in 120 mM phosphate solution and 0.7% Triton-X for one hour.
Fractionation of liver specimens
The subcellular fractionation protocol utilized was developed by the Department of Cell Biology at Yale University School of Medicine [26] [27] [28] . Briefly, livers (n=16) were harvested, minced, and homogenized in homogenization buffer (0.25 M sucrose, 10 mM triethanolamine, 10 mM acetic acid pH=7.4, 1 mM EDTA, 1 mM PMSF, 1 mM benzamidine, 1 mM DTT). The crude homogenate was then centrifuged at 1,000 g at 4°C for 10 minutes. The pellet was discarded and the supernatant was layered onto a sucrose cushion (1.0 M sucrose in TEA buffer) and centrifuged at 100,000 g at 4°C for 45 minutes. The pellet was resuspended with sucrose/TEA buffer to a final concentration of 1.3 M. The solution was then overlaid with 1.1 M sucrose and 0.6 M sucrose (both in TEA buffer) and centrifuged at 133,000g at 4°C for 60 minutes. The endosome fraction was collected from the 1.1 M/0.6 M interface and the plasma membrane fraction was collected from the 1.3 M/1.1 M sucrose interface.
Hepatocyte Isolation for Immunoprecipitation Studies
Following liver exposure, the portal vein was isolated. Heparin (500 units/100 g body weight) was injected into the inferior vena cava and allowed to circulate for 1 minute. 2 , 0.1% D-Glucose) with collagenase (0.05%/400 ml Hanks B) until liver digestion became visible. The liver was then removed and rinsed with L-15 in a culture dish. The capsule was then detached, and the hepatocytes were removed. The suspension was then filtered through an 80 µm mesh followed by a 45 µm mesh with L-15. The suspension was then brought up to 14 ml with L-15 in volume and centrifuged at 4°C for 2 minutes at 400 rpm. The supernatant was aspirated, and the pellet was resuspended in 14 ml of L-15 and centrifuged for 2 minutes at 400 rpm. The supernatant was aspirated off, and the pellet was resuspended in 7 ml of L-15.
Immunoprecipitations
x 10
5 rat hepatocytes isolated from each of eleven fasted livers were vortexed in Lysis Buffer (140 mM NaCl, 10 mM KCl, 8.2 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 1mM DTT, 1mM PMSF, 1 mM Benzamadine, 1% Triton, pH=7.5) in a final volume of 1150 µL. The lysates were cleared of insoluble material by centrifugation at 14,000 rpm for 10 min at 4°C, and the supernatant was precleared with 20 µl of 1:1 slurry of Protein GAgarose (Sigma-Aldrich Co., St. Louis, MO) for 1 hr at 4°C. The supernatant was separated by centrifugation at 1,500 rpm for 1 min at 4°C and then precipitated by adding 20 µl of Protein G beads (previously incubated overnight at 4°C with 1 µg of primary antibody) for 2 hrs at 4°C. The beads were collected by centrifugation for 6 min at 4°C. The beads were washed two times with Wash I (400 mM NaCl, 50 mM Tris/HCl, 0.1% Triton, 0.02% NaN 3 ) and collected by centrifugation at 6,000 rpm for 5 min at 4°C. The beads were washed two additional times with Wash II (500 mM NaCl, 10 mM Tris/HCl, 0.02% NaN 3 ) and collected by centrifugation at 6,000 rpm for 4 min at 4°C. The proteins were solubilized in 60 µl of Sample Prep Buffer (1X diluted from 5X; 1.5 M Tris-HCl pH 6.8, 50% glycerol, 5% β-mercaptoethanol, 20% SDS, 0.002% bromophenol blue), boiled for 3 minutes, and centrifuged at 6,000 rpm for 1 min at 4°C. The samples were then transferred to a fresh tube and stored at -80°C.
Western Blot
Immunoprecipitation samples were separated by SDS-PAGE (7.5% acrylamide, Bio-Rad Laboratories, Hercules, CA) and electrotransferred to a Hybond-ECL nitrocellulose membrane (Bio-Rad Laboratories). The membrane probed for IR was blocked with PBS-Tween containing 3% skim milk for 1 hour, while the membrane probed for GLUT2 was blocked with PBS containing 5% BSA for 1 hour. After thorough washing with PBS-Tween (1X PBS with 1% Tween 20), the membranes were incubated with rabbit anti-IR (1:250, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) in PBS-Tween or donkey anti-GLUT2 (1:500, Santa Cruz Biotechnology, Inc.) in PBSTween for 1 hour. The membranes were then washed again in PBS-Tween, incubated in donkey anti-rabbit (1:1,000, Amersham Corp, Arlington Heights, IL) in PBS-Tween or rabbit anti-goat (1:10,000, Pierce Chemical Co.) in PBS-Tween for 1 hour. After that, the membranes were thoroughly washed and developed with an ECL-Western Blot Kit (Amersham Corp).
Blots of fractionation study samples were performed in a similar manner except 12.5% SDS-polyacrylamide gels were used. In addition, a rabbit anti-rat GLUT2 antibody (1:50,000, Biogenesis, Sandown, NH, U.S.A.) was used as a primary antibody.
Immunostaining for confocal studies Primary antibodies to GLUT2 (goat anti-rat, Santa Cruz Biotechnology, Inc.) and IR (rabbit anti-rat, Santa Cruz Biotechnology, Inc.) were prepared in a 1:20 dilution in 1% BSA-120 mM phosphate, and incubated overnight at 4°C. Slides were then washed and incubated with donkey anti-goat IgG fluorescein (FITC) tagged antibody (1:100, Santa Cruz Biotechnology, Inc.) and donkey anti-rabbit Texas Red tagged antibody (1:100, Santa Cruz Biotechnology, Inc.) in the dark for three hours at room temperature. Slides were then washed, mounted with glycerol-PBS, and placed at 4°C until imaged. Specimens were viewed on a Zeiss LSM 410 confocal microscope with a 40x oil immersion lens, images were processed using Adobe Photoshop v. 6.0. FITC was excited at 488 nm and emission collected with a 515-565 nm filter system. Texas Red was excited at 568 nm and emission collected at 670-810 nm to avoid overlap in emission spectra. Fluorescent resonance energy transfer (FRET) was conducted with a 488 nm excitation with a 670-810 nm emission. All background autofluorescence was corrected on all slides for all wavelengths.
Scanning Densitometry
Densitometric scanning analysis of developed films was performed using a Personal Densitometer and ImageQuaNT TM software (Molecular Dynamics, Sunnyvale, CA). The expected molecular weight of IR was taken to be 95 kDa, and for GLUT2 was 52 kDa. Volume analysis was performed by measuring a rectangular-shaped area of interest over the relevant band. The data was then normalized to an internal control of total cell lysate run on each gel.
Antibodies
For insulin receptor, a rabbit antibody against the carboxy terminus of the β-subunit of IR (Santa Cruz Biotechnology, Inc.) was used for immunoprecipitation and Western Blot. Immunoprecipitations of GLUT2 used a rabbit antibody against a portion of the extracellular domain of GLUT2 (Santa Cruz Biotechnology, Inc.). For Western blot of fractionation studies, rabbit anti-rat GLUT2 antibody was used. For Western Blot, a goat antibody against a portion of the carboxy terminus of the cytoplasmic domain of GLUT2 (Santa Cruz Biotechnology, Inc.) was used for immunoprecipitation and chemical cross-linking studies. Rabbit anti-rat GLUT2 antibody (1:50,000; Biogenesis) was used for fractionation studies. For development of the Western Blot, peroxidase labeled donkey anti-rabbit antibody (Amersham Corp) and rabbit anti-goat antibody (Pierce Chemical Co.) was used. As a control, we used a mouse antibody 
Statistical Analysis
Assays were performed on duplicate samples from 16 livers in the fractionation studies, and 11 livers in the immunoprecipitation and confocal studies. All results are expressed as mean ± standard error. Statistical comparisons between groups for the immunoprecipitation studies used the Student unpaired t test on Microsoft Excel 2000. Linear regression analysis for the fractionation studies was performed on Excel and graphed on SPSS for Windows 10.1. Statistical significance was taken at p<0.05.
Results
Fractionation
Representative Western blots used to quantify IR and GLUT2 endosome and plasma membrane fractions from fasted and fed rats are shown in Fig. 1 . As demonstrated, an IR band was found at 95 kDa and a GLUT2 band was found at 52 kDa. Scanning densitometry and volume analysis determined the mean ratio of endosome:plasma membrane IR was 0.65±0.17 in fasted rats. The mean ratio increased to 1.10±0.05 following feeding (p<0.02). Similarly, the mean ratio of endosome:plasma membrane GLUT2 was 0.68±0.11 in fasted rats. The mean ratio of endosome:plasma membrane GLUT2, as previously shown [12] , increased to 1.04±0.09 after feeding (p<0.02). Figure 2 shows a simultaneous graph of IR endosome:plasma membrane content vs. GLUT2 endosome:plasma membrane content. A linear correlation is clearly observed with r=0.81 (p<0.0002).
Immunofluorescence
The cellular localization of GLUT2 and IR in the adult fed rat liver is shown in figures 3A, 3B, respectively. Numerous hepatocytes show positive cell membrane staining with punctate low signal cytoplasmic staining and clearly visualized nuclei.
The same sections of hepatic tissue used to localize GLUT2 and IR independently are superimposed upon each other and viewed in pseudocolor to look for colocalization of the proteins; areas in yellow are regions of colocalization. The strongest signals present are on the hepatocyte cell membrane. The majority of cells display a yellow pseudocolor which signifies IR colocalization of FITC-labeled GLUT2 and Texas Redlabeled IR (Fig. 3C) .
Samples stimulated in the FITC frequency at 488 nm and collected in the Texas Red emission spectra at 670-810 nm reveal immunofluorescence on the hepatocyte membrane and diffuse staining throughout the cytoplasm, suggesting a close association between IR and GLUT2 of 20-60 Å (Fig. 3D) .
There was an absence of signal when samples were stimulated for either FITC or Texas Red and emission was collected in both spectra for a) blocking solution only, b) blocking solution with both secondary antibodies independently and together, c) primary antibodies independently and together, d) rabbit anti-IR primary and anti-goat FITC, and e) goat anti-GLUT2 primary and antirabbit Texas Red. Fig. 4 . Co-immunoprecipitation of GLUT2 and IR from lysed fasted rat hepatocytes. Equal numbers of rat hepatocytes were solubilized in Triton and immunoprecipitated with 1 µg of primary antibody and immunoblotted for either GLUT2 or IR. A. Immunoblotted with anti-GLUT2 antibody. Staining for GLUT2 is present when immunoprecipitating with primary antibody against either GLUT2 or IR. The band is absent when using a primary antibody against Na,K ATPase as a control, or in the absence of precipitating antibody. B. Immunoblotted with anti-IR antibody. Staining for IR is present when immunoprecipitating with primary antibody against either GLUT2 or IR. The band is absent when using a primary antibody against Na,K ATPase as a control or in the absence of precipitating antibody.
Immunoprecipitation
We studied the association between GLUT2 and IR in vivo by immunoprecipitation of solublized fasting rat hepatocytes. Lysates were immunoprecipitated with anti-IR and anti-GLUT2 antibodies, and the precipitates were blotted with both anti-IR and anti-GLUT2 antibodies. Blots showed that the transmembrane proteins coimmunoprecipitated and were associated in vivo (Fig. 4 ).
Discussion
The current study builds upon our previous work to elucidate the role of IR and GLUT2 in regulating hepatic glucose production. Our findings indicate that the two transmembrane proteins are physically linked on the hepatocyte membrane. This suggests a mechanism which obligates a change in glucose transport after insulin binding to IR, independent of IR-mediated changes in intracellular glucose or glyocogen metabolism.
Fractionation studies showed that both IR and GLUT2 are removed from the plasma membrane and internalized to endosomal compartments upon insulin binding. The internalization serves to remove the glucose transporter from the hepatocyte plasma membrane and slow the release of hepatic glucose during hyperglycemic, hyperinsulinemic states. It is interesting to note that not all of the GLUT2 is internalized in the normal hepatic response to the post-prandial state. Our previous data showed that after an intraduodenal feeding bolus, which stimulates the release of insulin and the suppression of hepatic glucose production, a substantial fraction (15-53%) of GLUT2 endocytosis occurs [12] . A prior study showed that this same effect was seen during in vitro liver perfusion in response to graduated doses of insulin [11] . The current study shows that the internalization of the two transmembrane proteins occurs in a similar ratio with a correlation coefficient of 0.81 (p<0.0002), which suggests a possible direct connection between the two proteins.
To substantiate in vivo colocalization of IR and GLUT2, double staining with confocal microscopy showed colocalization of the proteins within the plasma membrane region and cytosol in hepatocytes taken from fed animals. FRET studies further suggest that the intraprotein distance between IR and GLUT2 is within 20-60 Å. Such a close localization between IR and GLUT2 in sectioned liver strongly suggests a physical link between the two proteins. To corroborate these findings, coimmunoprecipitation studies were performed, and these results support the physical interaction between IR and GLUT2.
Several other models of receptor-transporter complexes that function by means of a direct proteinprotein interaction have recently been elucidated. The pancreatic beta-cell, inwardly rectifying K channel has been shown to associate with the ATP binding cassette protein, or sulfonylurea receptor, which results in the regulation of the cellular distribution and function of the transporter [29, 30] . In addition, hereditary hemochromatosis protein (HPE), related to the major histocompatibility complex class I family, detects serum iron through an unknown mechanism and then affects cellular iron uptake by means of a direct interaction with the transferrin receptor in enterocytes [31, 32] . The GABA A -ligand-gated channels form heteromers with the dopamine D5 receptor enabling mutually inhibitory functional interactions upon neurotransmitter binding [33] . The sigma receptor, a receptor for psychotropic drugs, was found to modulate voltage-gated K + channels (Kv1.4 or Kv1.5) by means of direct protein-protein interactions [34] . In addition, the β2-adrenergic receptor was found to associate directly with the L-type calcium channel in rat neurons, thus ensuring specific and rapid signaling [35] . Also, the metabotrophic Glutamate Receptor Subtype 1 regulates the voltage sensitive Ca v 2.1 Ca 2+ channel by means of a direct interaction [36] . With this growing list of direct receptor-transporter interations, it is feasible that a similar physical link forms the basis of the insulin receptor regulation of the hepatic glucose transporter. Such a coupling could serve as a mechanism of hepatic glucose regulation, by the reduction of glucose efflux from the hepatocyte through the internalization of a portal for glucose release. The current study does not address the exact nature of the complex and link which leaves open the possibility of a linker protein mediating the interaction.
Several recent knockout studies have emphasized the critical role that both GLUT2 and hepatic IR play in growth and development. While GLUT4 knockout mice display a nearly normal phenotype [37] , GLUT2 knockouts develop growth retardation and death by 2-3 weeks [38] . These mice display altered glucose tolerance suggesting a central role of GLUT2 in glucose metabolism. While recent studies from GLUT2 null murine hepatocytes fail to show impairment of hepatic glucose output in the absence of the hepatic glucose transporter, they suggest multiple compensatory and redundant pathways that accomplish the vital task glucose membrane transport [39, 40] . Given the importance of intracellular carbohydrate regulation and the devastating phenotypes associated with deficiencies in carbohydrate metabolic and transport pathways [41] [42] [43] [44] , it is not surprising that redundant pathways would be present.
Similar to the vital importance of GLUT2, studies with tissue specific IR knockout mice show that muscle IR null mice display normal glucose tolerance [45] , while hepatic IR specific knockouts show altered glucose homeostasis [46, 47] . Since both hepatic IR and GLUT2 remain important determinates of body glucose levels, the IR:GLUT2 complex may represent an important form of regulation.
It has been shown that insulin exerts several mechanisms for controlling hepatic glucose production. Hepatic protein function is regulated at the transcriptional level for the hepatic enzymes of glucose metabolism [13] , and GLUT2 expression is suppressed by elevated insulin and glucose levels [19] [20] [21] [22] . In addition, in the post prandial state, insulin inhibits many key enzymes of hepatic gluconeogenesis and glycogenolysis, while activating enzymes involved in glycogen synthesis [2] [3] [4] [5] [6] 13] . Although our data do not contradict these established mechanisms of insulin-mediated regulation of hepatic glucose metabolism, our findings of an IR:GLUT2 receptortransporter complex do suggest a direct link between insulin binding and the suppression of hepatic glucose efflux, which possibly comprises a direct, rapid pathway.
